Thompson GJ, Pan WJ, Keilholz SD. Different dynamic resting state fMRI patterns are linked to different frequencies of neural activity. Resting state functional magnetic resonance imaging (rsfMRI) results have indicated that network mapping can contribute to understanding behavior and disease, but it has been difficult to translate the maps created with rsfMRI to neuroelectrical states in the brain. Recently, dynamic analyses have revealed multiple patterns in the rsfMRI signal that are strongly associated with particular bands of neural activity. To further investigate these findings, simultaneously recorded invasive electrophysiology and rsfMRI from rats were used to examine two types of electrical activity (directly measured low-frequency/infraslow activity and band-limited power of higher frequencies) and two types of dynamic rsfMRI (quasi-periodic patterns or QPP, and sliding window correlation or SWC). The relationship between neural activity and dynamic rsfMRI was tested under three anesthetic states in rats: dexmedetomidine and high and low doses of isoflurane. Under dexmedetomidine, the lightest anesthetic, infraslow electrophysiology correlated with QPP but not SWC, whereas band-limited power in higher frequencies correlated with SWC but not QPP. Results were similar under isoflurane; however, the QPP was also correlated to band-limited power, possibly due to the burst-suppression state induced by the anesthetic agent. The results provide additional support for the hypothesis that the two types of dynamic rsfMRI are linked to different frequencies of neural activity, but isoflurane anesthesia may make this relationship more complicated. Understanding which neural frequency bands appear as particular dynamic patterns in rsfMRI may ultimately help isolate components of the rsfMRI signal that are of interest to disorders such as schizophrenia and attention deficit disorder.
RESTING STATE FUNCTIONAL MAGNETIC RESONANCE IMAGING (rs-fMRI) has become an important tool for psychologists and neuroscientists. It works by examining correlations (or other similarity measures) in the blood oxygenation level dependent (BOLD) signal over time between different brain regions and organizing them into "networks" of highly correlated regions (Biswal et al. 1995) . Unlike traditional functional magnetic resonance imaging, which examines the response to a task or stimulus, rsfMRI can map networks during undirected cognition, which provides incredibly flexible experimental design and analysis (Raichle 2011; Raichle et al. 2001) . rsfMRI has been used to identify alterations in network connectivity due to neurological and psychiatric disorders (Greicius et al. 2004; Rombouts et al. 2005; van den Heuvel and Hulshoff Pol 2010) . Network connectivity has also been linked to behavior and cognitive performance in healthy subjects (examples covering a broad range of tasks include Weissman et al. 2006 , Tambini et al. 2010 and Magnuson et al. 2015 .
The majority of these studies used entire 6 min or longer rsfMRI runs to calculate their correlations. However, the time scale for activity related to cognition is much shorter, from milliseconds for a single action potential to seconds for a cohesive thought. To address this difference in temporal resolution, the investigation of dynamic changes in rsfMRI was proposed (Chang and Glover 2010; Kiviniemi et al. 2011; Majeed et al. 2009 Majeed et al. , 2011 . As the resting state has (by definition) no stimulus for comparison, it is not trivial to extract meaningful dynamic information from it. Techniques proposed have included finding characteristic spatiotemporal dynamics (Majeed et al. 2009 ), wavelet analysis (Chang and Glover 2010) , sliding-window correlation (Hutchison et al. 2013; Keilholz et al. 2013) , independent component analysis (Kiviniemi et al. 2011) , and averaging the rsfMRI signal near known events Magri et al. 2012; Petridou et al. 2013) . While much work remains, evidence is emerging that such dynamics do indeed reflect the underlying neural activity (Keilholz 2014 ; Thompson et al. 2013b Thompson et al. , 2013c .
The rsfMRI signal is not a simple reporter of neural activity, however, instead being a complex combination of blood oxygenation, blood volume and blood flow (Logothetis 2008) and potentially relating to both synaptic activity and action potentials from neurons (Hyder and Rothman 2012) . Therefore, it is possible that these different ways to characterize variations in rsfMRI over time are reporting different aspects of the underlying neural signaling and physiology. Electrophysiological signals are often separated into frequency bands, with the hypothesis that different frequencies represent different underlying neuronal or physiological processes (Magri et al. 2012) . A broad range of frequencies has been linked to spontaneous BOLD signal fluctuations (Lu et al. 2007; Pan et al. 2011; Scholvinck et al. 2010; Shmuel and Leopold 2008) . Therefore, this study attempts to determine whether different types of dynamic rsfMRI spatial and temporal patterns relate to different frequency bands of neural electrophysiology.
Our group has previously studied the relationship between two different types of dynamic rsfMRI and neural activity. The first study examined sliding window correlation (SWC) between the rsfMRI signal from left and right primary somatosensory and found that it was linked to changes in correlation in gamma, beta and theta power (Thompson et al. 2013b ). The second study generated a characteristic pattern that occurs multiple times in the rsfMRI signal in a periodic, although not constant, manner, referred to as a quasi-periodic pattern (QPP) ) and found that this pattern was linked to infraslow (Ͻ1 Hz) electrical activity (Thompson et al. 2013c ). However, the first of these studies was limited to comparing SWC to band-limited power (BLP) in frequencies above 0.1 Hz due to the recording hardware. The second of these studies, conversely, did not examine the relationship between QPP and higher frequencies, as these frequencies did not exhibit rsfMRI correlates similar to QPP in a prior study .
Hypothetical models for the origin of the rsfMRI signal (Raichle 2011) and results from noninvasive electroencephalography (EEG) recording Monto et al. 2008 ) have suggested that low-frequency rsfMRI measurements may be directly linked to low-frequency neural activity that follows changes in the power of high-frequency neural activity. As a preliminary attempt to determine whether the high and low frequencies represented separable processes, we examined phase amplitude coupling between high-and lowfrequency electrical activity and compared static rsfMRI to both of these frequency bands (Thompson et al. 2014 ). We discovered that the different frequencies of electrical activity appeared to contribute to two separate patterns of BOLD signal fluctuations that were then combined into the measured rsfMRI signal. However, this study did not investigate dynamic activity, leaving the connection to dynamic rsfMRI hypothetical at the time.
The present study expands on our previous work, generating both types of dynamic rsfMRI patterns (SWC and QPP) and comparing them to the two frequency bands in the electrical signal that correlated most strongly with them in previous studies. Previously collected data Thompson et al. 2013c) were examined from a rat model where electrical frequencies as low as 0 Hz were recorded as local field potentials (LFPs) simultaneously with rsfMRI. BLP of highfrequency electrical activity and amplitudes of infraslow LFP were compared with both QPP and SWC.
Our results show that SWC correlated with only the highfrequency BLP, whereas QPP strength consistently correlated only with the infraslow LFP. Under isoflurane anesthesia, where the rsfMRI signal becomes much more widespread (Liu et al. 2012) , QPP strength also correlated with high-frequency BLP, but this did not occur under dexmedetomidine anesthesia, which is a lighter anesthesia and closer to an awake state (See Appendix A of Thompson et al. 2013c ). Our results suggest that different types of dynamic rsfMRI do indeed reflect different types of underlying neural activity, and that anesthesia influences this relationship. Our results may help researchers better isolate parts of the rsfMRI signal that are important to the types of neural activity of interest for a given study.
MATERIALS AND METHODS
Data used. This study used data which has previously been reported in either Pan et al. (2013) Thompson et al. (2013c) (high-dose isoflurane) or both of those papers overlapping (dexmedetomidine). All experimental procedures were done in compliance with the Emory University Institutional Animal Care and Use Committee. A video of the experimental procedure can be found in the Journal of Visual Experiments . To summarize, glass electrodes with silver-silver chloride leads (allowing recording of very low frequencies) were implanted in the left and right primary somatosensory cortices of the lower forelimb region (S1FL) of 10 healthy, adult, male Sprague-Dawley rats while they were anesthetized with 2% or higher isoflurane (greater if required to have no response to a toe pinch). Rats were transferred inside a 9.4-Tesla MRI scanner, and, during recording, isoflurane anesthesia was either reduced to 1.3-2.0%, or the rat was transferred to dexmedetomidine anesthesia. Dexmedetomidine dose was a 0.025 mg/kg bolus followed by 0.05 mg·kg Ϫ1 ·h Ϫ1 infusion, which was increased to 0.15 mg·kg Ϫ1 ·h Ϫ1 after 1.5 h . All dexmedetomidine data used here were acquired after a minimum of 2 h to produce stable physiology (Magnuson et al. 2014b ). Echo-planar, gradient-echo, BOLD functional magnetic resonance imaging (rsfMRI) was recorded with repetition time 500 ms (2 Hz), echo time 15 ms, one 2-mm slice, field of view 1.92 ϫ 1.92 cm, 64 ϫ 64 voxels and 1,000 images (ϳ8 min). Simultaneously, while rsfMRI data were recorded, LFP data were recorded from the implanted electrodes at 12 kHz with a low-pass filter of 100 Hz and no high-pass filter. Artifacts were removed from the LFP signal using a previously described algorithm (Pan et al. , 2011 , and the use of glass electrodes limited the artifacts in the BOLD images to a minimum.
Data were separated into three groups based on anesthesia. Lowdose isoflurane was defined as isoflurane at concentrations of 1.3-1.5% of which there were 14 scans (3 each from rats 1 and 2, 2 each from rats 3, 4, 5 and 6). High-dose isoflurane was defined as isoflurane at concentrations of 1.7-2.0% of which there were 17 scans (4 from rat 1, 8 from rat 2, 2 from rat 3, 3 from rat 4). Dexmedetomidine anesthesia was the third group of which there were 46 scans (5 from rat 4, 7 from rat 5, 3 from rat 6, 5 from rat 7, 5 from rat 8, 14 from rat 9, 7 from rat 10).
Processing of electrical signals. To generate the infraslow LFP signals, the LFP time courses were resampled to 4 Hz, then filtered using a finite impulse response (FIR) filter with a hamming window. A pass-band of 0.038 -0.184 Hz was used for isoflurane (both low and high dose) data and 0.045-0.304 Hz for dexmedetomidine data. These pass-bands matched the filter used on BOLD data (see next section). A discussion of how differing pass-bands per anesthesia affect the results is given in the original paper (Thompson et al. 2013c ). The signals were then normalized to zero mean, unit variance.
To generate the high-frequency BLP signals, the LFP time courses were resampled to 200 Hz, then filtered using a FIR filter with a hamming window. A pass-band of 25-40 Hz or "high beta" was used for both dexmedetomidine and isoflurane because, of all frequency bands tested, this band's SWC was most strongly correlated with BOLD-generated SWC (Thompson et al. 2013b ). Data were normalized to zero mean, unit variance. The time courses were converted to BLP by taking the magnitude of the Hilbert transformation of the data. This effectively produced the envelope of power changes in the high-beta-band over time.
For comparison to the resting state SWC, SWC time courses were generated for both the infraslow LFP signals and the high-frequency BLP signals. A window length of 50 s was used to match the rsfMRI window length (see next section), and this window was advanced across the time course, beginning at from 0 s to 50 s and ending at 450 s to 500 s, moving one sample at a time and at each window returning the correlation coefficient between the left and right S1FL electrodes' signals as the SWC signal at that time point.
Generation of dynamic rsfMRI. Prior to generating dynamic rsfMRI, regions of interest (ROIs) were manually drawn in the left and right S1FL of the BOLD image using a rat brain atlas (Paxinos and Watson 2005) . The mean signal across the slice was regressed from each voxel, and each voxel was linearly detrended. The BOLD signals in each voxel were resampled to 4 Hz, then filtered using a FIR filter with a hamming window. A pass-band of 0.038 -0.184 Hz was used for isoflurane (both low and high dose) data and 0.045-0.304 Hz for dexmedetomidine data. These pass-bands come from the empirical filter that was generated in Thompson et al. (2013c) . A discussion of how differing pass-bands per anesthesia affects the results is given in that paper. The signals were then normalized to zero mean, unit variance.
SWC was generated using windows of 50 s in length. This length was chosen to be consistent with our group's previous studies ) and also gives a good compromise of high-correlation scores vs. low error (Thompson et al. 2013b ). The mean signal over time across all voxels was calculated in both the left and right S1FL ROIs. A 50-s window was advanced across these mean signals, beginning at from 0 s to 50 s and ending at 450 s to 500 s, moving one sample at a time, and at each window returning the correlation coefficient between the left and right S1FL ROI mean BOLD signals as the SWC signal at that time point. SWC correlation coefficients were converted to Z-scores using a normalizing fisher transformation (equation 1 from Thompson et al. 2013b) , then normalized to zero mean, unit variance per individual run.
QPPs were generated using the algorithm described in Majeed et al. (2011) . To summarize, this algorithm takes an epoch of a spatiotemporal signal, compares it to the rest of the same signal and then averages together likely instances of the same pattern being repeated. This is iterated many times until a high-confidence template of a characteristic spatiotemporal pattern in the signal is returned. The algorithm returns both the template as well as a time course of the strength of the pattern over time. Template lengths of 11.25 s for isoflurane (low and high dose) and 6.5 s for dexmedetomidine were used as these were the inverse of the frequency centers of the empirical filters generated in our previous work (Thompson et al. 2013c ). The template start point was arbitrarily set to the signals' centers (250 s). The ROI used to calculate the QPPs was the combination of the left and right S1FL ROIs. All other parameters were as described in Appendix B of Thompson et al. (2013c) . As the start positions of the QPP templates were arbitrary, following their generation, QPP templates were aligned to all others within the same anesthetic state (thus separately for dexmedetomidine, low-dose isoflurane and high-dose isoflurane runs) based on the first rat's first run, using spatial correlation as per Thompson et al. (2013c) , and these alignments were then applied to the QPP strengths over time. QPP strengths over time were normalized to zero mean, unit variance per individual run.
While numerous methods of quantifying dynamic rsfMRI patterns exist (Chang and Glover 2010; Grigg and Grady 2010; Hutchison et al. 2013; Keilholz et al. 2013; Kiviniemi et al. 2011; Liu and Duyn 2013; Magri et al. 2012; Majeed et al. 2009; Petridou et al. 2013 ), QPP and SWC were chosen for this study as they are at opposite ends of the spectrum of methods, with SWC (as generated here) providing spatially-localized and temporally-windowed information, whereas QPP identifies spatially-extended and quasi-periodic to periodic processes.
Data exclusion due to SWC abnormalities. In the time series of SWC generated from high-frequency BLP, large, instantaneous baseline shifts were observed. Sometimes these occurred on the edge of the signal, but more commonly occurred as a plateau in the center of the signal. Inspection of the underlying electrophysiology time courses revealed that this occurred when a spike occurred and the sliding window was overlapping the spike. These spikes appeared unrelated to the rsfMRI artifacts that were removed and were in many cases difficult to observe without using the SWC to find them. While the source was unknown, possibilities include slight movements, unexpected acoustic noise, or transient alterations in the blood-brain barrier (Voipio et al. 2003) , caused by anesthesia.
To avoid possible errors caused by this, the high-frequency BLP SWC time courses, which showed a change of 0.01 in uncorrected correlation coefficient between two adjacent windows, were removed. These removals included 2 scans for low-dose isoflurane (both scans from rat 4), no scans for high-dose isoflurane and 11 scans for dexmedetomidine (2 from rat 4, all 3 scans from rat 6, 1 scan from rat 7, 1 scan from rat 8, 2 scans from rat 9, 2 scans from rat 10).
Comparison between dynamic rsfMRI and electrical signals. Four comparisons were performed between dynamic rsfMRI and the electrical signals, reflecting the two types of dynamic patterns (SWC and QPP) and the two frequency bands (infraslow LFP and high-frequency BLP). The comparisons were as follows: 1) SWC generated from high-frequency BLP vs. SWC generated from BOLD; 2) SWC generated from infraslow LFP vs. SWC generated from BOLD; 3) the high-frequency BLP signal itself vs. QPP strength over time; and 4) the infraslow LFP signal itself vs. QPP strength over time. These comparisons were done both directly, using Pearson correlation and also using partial correlation. In partial correlation, the correlation coefficients are calculated accounting for the influence of a third signal, ideally returning a correlation coefficient that removes correlations between the original two signals that are due to the third signal. The third signal, or "controlling variable," here was set to the other type of dynamic rsfMRI. Thus for 1 and 2, the controlling variable was QPP strength (i.e., how closely it resembled the template) over time and for 3 and 4 it was SWC generated from BOLD. Note that for 3 and 4 each electrode's correlation with QPP strength over time was calculated separately, whereas for 1 and 2 using SWC only gave a single signal, as it was based on correlation between both electrodes. The high-frequency BLP and SWC generated from it were resampled to 4 Hz prior to correlation to match the equivalent dynamic rsfMRI's sampling rate. If signals were of uneven length for Pearson correlation, they were padded with trailing zeros.
As the time shift of QPPs is arbitrary ) and as it is an open question where electrical activity would align with BOLD averaged over long windows (Thompson et al. 2013b ), correlation was calculated at many time shifts between the electrical signals and the dynamic rsfMRI. Time shifts were done from the BOLD- Finally, following the procedure from our previous studies, Thompson et al. 2013c ), the sign of correlation coefficients resulting from correlation with infraslow LFP (itself only, not SWC of it) was reversed. This was done as the direction of bursting in the layer from which data were recorded is downward. This reversal was not necessary in the other cases, as BLP calculated from LFP and SWC calculated from any signal will not be sensitive to the positive/ negative direction of the original LFP signal, only the fluctuations within it.
Significance testing. To test if correlations between dynamic rs-fMRI and the electrical signals were significant, a surrogate data set was generated using every possible mismatch of one rat's BOLD data with another rat's LFP data (without exclusion, 182 mismatched scans for low-dose isoflurane, 272 mismatched scans for high-dose isoflurane, 2,070 mismatched scans for dexmedetomidine; with exclusion, 132, 272, and 1,190 mismatched scans for each anesthetic state, respectively). The surrogate data were otherwise generated identically to the real data, as described above.
For regular correlation, two-tailed, equal variance t-tests were performed between the set of actual Z values and the respective surrogate Z values for a given anesthesia (low-dose isoflurane, highdose isoflurane, dexmedetomidine), rsfMRI metric (SWC, QPP), frequency band (infraslow LFP, high-frequency BLP) and time shift (Ϫ10 s to 10 s). Resulting P values for all time shifts were then corrected for multiple comparisons using sequential goodness of fit (SGoF) (Carvajal-Rodriguez et al. 2009 ), a binomial method that looks for significantly large clusters of small P values. Thus there were a total of 12 statistical families (three anesthesia, two frequency bands and two types of dynamic rsfMRI). Effect sizes in results will be reported as the mean of significant Z values from actual data minus the mean of corresponding Z values from mismatched data. This effect size was taken over significant time shifts, with positive and negative Z values separated.
Instead of being tested vs. surrogate data, each set of partial correlation Z values (for a given type of dynamic rsfMRI, frequency band and time shift) were tested vs. the equivalent set of regular correlation Z values. This was done because a significant difference between partial and regular correlation here would indicate an influence of one dynamic on the other, suggesting they may be measuring the same thing. Resulting P values were also corrected using SGoF within the 12 families, as described in the previous paragraph.
Significance of QPP correlation vs. time shift. The plots of correlation vs. time shift between periodic signals of the same frequency will not be a single peak as is commonly seen when correlating neural activity and rsfMRI (e.g., Shmuel and Leopold 2008) . Instead, they will appear as an autocorrelation plot of a periodic process. As Pearson correlation normalizes signals to zero mean, this means that such a plot always has both significant positive and negative peaks, given sufficient signal-to-noise ratio (SNR). These peaks can be used to estimate the frequency of the periodic process, as shown in Equation 1 in Thompson et al. (2013c) . In the present study, we do not have as much SNR as we had in Thompson et al. due to data exclusion due to SWC abnormalities (see above) and also due to use of a standard filter rather than a filter empirically created from the data. However, as QPPs are periodic (by definition) and their correlates in electrophysiology would hypothetically have the same period, we still expect to see positive and negative peaks in the plots of correlation vs. time shifts for them, even if it does not appear as a clean autocorrelation plot.
All QPP templates were aligned to the first rat's first run (per anesthesia) so they would match each other in terms of phase. However, the algorithm given in Majeed et al. (2011) does not give "start" or "end" points for QPPs. Rather the start point will be arbitrary, as the resulting template can be seen as a single (assuming the window length is chosen as the period) or multiple (if it is chosen longer than the period) period of a periodic process, chosen at an arbitrary starting phase. As QPP templates differ between anesthetic states (Magnuson et al. 2014b; Majeed et al. 2009 Majeed et al. , 2011 Thompson et al. 2013c ), alignments from one anesthetic state will not be compared with the others. Therefore, as the first rat's first run's QPP template is at an arbitrary phase, and also as comparisons between anesthetic states are not possible, the specific time shift where QPP strength has highest correlation with electrophysiology will also be arbitrary. [This is assuming that enough time shifts are tested to determine if significant peak(s) exist; slightly less than the length of the QPP template in each direction should be sufficient.] The peaks' time shifts will only reflect where the particular template for the first rat's first run (per anesthesia) was aligned with the electrophysiology, which is arbitrary, likely to be unique to that run and also likely to be different for each anesthetic state.
However, what can be tested from the time shifts between QPP strength and electrophysiology is the distance between peaks on an individual plot. Unlike our previous study (Thompson et al. 2013c ), we lack sufficient SNR and thus sufficiently autocorrelation-like plots to characterize the period of the correlated patterns exactly. However, we can still examine the change in time shift between the highest significant positive peak (hypothetically where the autocorrelation would be centered) and the lowest significant negative peak next to it (hypothetically one of the side peaks). This difference should be greater for slower patterns and lesser for faster patterns.
RESULTS
Two frequency bands of neural electrophysiology were generated as signals: the infraslow LFP signal and the highfrequency BLP signal. Two patterns of dynamic rsfMRI were generated as well: the SWC between left and right S1FL and the strength of the QPP over time. SWC was also generated from the electrophysiological signals for comparison to the rsfMRI-generated SWC. The electrophysiological signals were then compared with the dynamic rsfMRI with regular and partial correlation at time shifts of up to 10 s in each direction. Figure 1 shows examples of each type of dynamic rsfMRI, as well as electrophysiological SWC for comparison.
Regular correlation results. Under a low dose of isoflurane, QPP strength over time was significantly correlated with infraslow LFP (P Յ 0.0217, SGoF corrected); there was significant negative correlation at time shifts of Ϫ1.75 s to Ϫ1 s (mean actual minus mean mismatched Z ϭ Ϫ1.82) and significant positive correlation at time shifts of 1 s to 2.75 s and 7.5 s to 8.25 s (mean actual minus mean mismatched Z ϭ 2.03). QPP strength over time was significantly correlated with highfrequency BLP (P Յ 0.0121, SGoF corrected); there was significant negative correlation at the time shifts of 5 s (mean actual minus mean mismatched Z ϭ Ϫ0.640; note that, as only one point is significant, the line of correlation vs. time shift is only tangent to the significance zone at that point) but no significant positive correlation. There were no significant correlations between any SWC time courses. These results are shown in Fig. 2 .
Under a high dose of isoflurane, QPP strength over time was significantly correlated with infraslow LFP (P Յ 0.00143, SGoF corrected); there was significant negative correlation at time shifts of Ϫ10 s to Ϫ8.5 s and 6.25 s to 8 s (mean actual minus mean mismatched Z ϭ Ϫ2.43) and significant positive correlation at time shifts of 2.25 s to 4.25 s (mean actual minus mean mismatched Z ϭ 2.47). QPP strength over time was significantly correlated with high-frequency BLP (P Յ 0.00307, SGoF corrected); there was significant positive correlation at time shifts of 3.25 s to 5.25 s (mean actual minus mean mismatched Z ϭ 1.04) and significant negative correlation at time shifts of Ϫ9 s to Ϫ7.75 s and 6.75 s to 8.75 s (mean actual minus mean mismatched Z ϭ Ϫ0.872). SWC generated from BOLD was significantly correlated with SWC generated from high-frequency BLP (P Յ 0.0434, SGoF corrected); there was significant positive correlation at time shifts of Ϫ5.25 s to 9.75 s (mean actual minus mean mismatched Z ϭ 6.95), but no significant negative correlation. There was no significant correlation between SWC generated from infraslow LFP and SWC generated from BOLD. These results are shown in Fig. 3 .
Under dexmedetomidine, QPP strength over time was significantly correlated with infraslow LFP (P Յ 0.0167, SGoF corrected), there was significant negative correlation at time shifts of Ϫ4.75 s to Ϫ3.25 s, 0.5 s to 2 s, and 5.75 s to 6.75 s (mean actual minus mean mismatched Z ϭ Ϫ1.49) and significant positive correlation at time shifts of Ϫ6.25 s, Ϫ2.25 s to Ϫ0.25 s, 3.25 s to 4.25 s and 7.75 s to 9.25 s (mean actual minus mean mismatched Z ϭ 1.53). SWC generated from BOLD significantly correlated with SWC generated from highfrequency BLP (P Յ 0.0165); there was significant positive correlation at time shifts of Ϫ8 s to 10 s (mean actual minus mean mismatched Z ϭ 6.51) but no significant negative cor-relation. There was no significant correlation between QPP strength over time and high-frequency BLP, nor between SWC generated from infraslow LFP and SWC generated from BOLD. These results are shown in Fig. 4 .
These results suggest that, under dexmedetomidine, QPP relate primarily to infraslow frequencies in electrical signals, while SWC relate primarily to power changes in high frequencies. This effect is modulated by anesthesia, however, as under isoflurane QPP relate to power changes in high frequencies as well.
Seven of twelve statistical families show significant results, indicating a chance of only 1.6 ϫ 10 Ϫ6 % that the presented results are a false positive (based on a binomial distribution of 12 trials, 5% chance of false positive per trial). This strong significance confirms previous observations of the relationship between dynamic rsfMRI and neural electrophysiology (Keilholz 2014).
Partial correlation results. No t-tests between regular and partial correlation Z values produced P values lower than 0.988. Partial correlation Z values were nearly identical to regular correlation Z values, differing on average only by Z ϭ 0.0043 and at most by Z ϭ 0.0828 across all equivalent partial vs. regular correlation values. This result suggests that there is no linear influence from one of the types of dynamic rsfMRI upon the other, when the other is correlated to its analog in the neural signal.
Peak time shifts. Table 1 shows the range of time shifts where high-frequency BLP-derived SWC was significantly correlated with rsfMRI-derived SWC, as well as peak correlation time locations. Nonsignificant comparisons are not shown. While the range is very broad (significance covers Ͼ10 s of shifts), it is biased toward positive time shifts and has a peak at a slightly longer time shift under isoflurane (2.75 s) vs. dexmedetomidine (2.25 s). Table 2 shows the time shift of the largest significant positive correlation between QPP and infraslow LFP, the time shift of the nearest significant negative peak correlation, as well as the difference between the two. Nonsignificant comparisons are not shown. The distance between peaks increases as anesthetic depth increases, with 2.25 s for dexmedetomidine, 3.25 s for low-dose isoflurane and 3.5-3.75 s for highdose isoflurane.
Results without data exclusion. To ensure that the exclusion of scans (due to rapid signal changes observed in SWC generated from high-frequency BLP) did not affect results, all tests were run without these exclusions. All statistical families that showed significance for the regular study also were significant without the data exclusion, except that, under a low dose of isoflurane, QPP did not significantly correlate with high-frequency BLP (not passing SGoF as minimum P ϭ 0.0125 and only 6 of 81 P values are Ͻ0.05; with exclusion the same test passed SGoF with minimum P ϭ 0.0121 and 9 of 81 P values Ͻ0.05). As low-dose isoflurane had the fewest scans of any anesthetic agent (14 before exclusion, vs. 17 or 46 for the other anesthetic agents), it had the least statistical power and thus was most susceptible to lowered data quality. However, all other results being the same suggest that these exclusions did not influence our conclusions.
DISCUSSION

Summary of results.
Using simultaneously recorded rsfMRI and neural electrophysiology data, we compared two types of dynamic rsfMRI patterns and two different frequency bands of electrical activity. This study presents a more direct comparison between the electrophysiological correlates of dynamic rsfMRI patterns than has been previously possible due to limitations of previous analyses (Thompson et al. 2013b (Thompson et al. , 2013c . Our results showed that SWC significantly correlated Fig. 1 . Examples of the dynamics generated in this study. A: quasi-periodic patterns (QPP) template, generated with the algorithm from Majeed et al. (2011) . Every 4th frame is shown; range is approximately from Ϫ1 for dark blue to ϩ1 for dark red. Notice that an alternating positive/negative wave moves from the ventral-lateral to dorsal-medial cortex. B: anatomical MRI rat brain image in the same plane as A, for comparison. C: the strength of the QPP, over time. The higher points are where the resting state functional magnetic resonance imaging (rsfMRI) signal is spatiotemporally similar to the pattern in A, and the low points are where it is not. Notice that there are periods of stronger and weaker periodicity. D: examples of sliding window correlation (SWC) calculated from the high-frequency band-limited power (BLP; solid line, changes are smaller than others in terms of absolute r values), the infraslow (low-frequency) local field potential (LFP; thin dashed line) and the infraslow blood oxygenation level dependent (BOLD) signal (thick dashed line). Notice that correlation changes dynamically over time, with some similarities between the three time courses.
only to the high-frequency BLP, except under a low dose of isoflurane, whereas QPP strength over time significantly correlated to the infraslow LFP in all cases. The QPP strength over time also related to the high-frequency BLPs, but only under isoflurane anesthesia. In addition, partial correlation results suggested that there was no influence from SWC on QPP correlations, or vice versa.
These findings suggest that the two different types of dynamic rsfMRI patterns reflect different underlying neurophysiological sources. SWC appears more closely linked to highfrequency neural activity, whereas QPPs appear more closely linked to the very-low-frequency neural activity. As SWC in this study was generated only from two small brain regions, whereas QPPs were generated from the entire slice, this result supports the general idea in neuroscience that high frequencies tend to be more local, while low frequencies tend to be more global (Buzsaáki 2006 ). This idea is also supported by mathematical models of the LFP signal, which indicate that cutoff distance decreases as frequency increases (Leski et al. 2013) .
Our group has previously shown these relationships individually, comparing SWC to BLP of high-frequency neural signals (Thompson et al. 2013b ) and QPPs to the infraslow neural signal (Thompson et al. 2013c ). However, these previous studies did not investigate SWC vs. low-frequency electrophysiology nor QPP vs. high-frequency electrophysiology. For the former, the fact that LFP data under 0.1 Hz was unavailable precluded comparison between SWC and infraslow neural activity. For the latter, the nonobservation of QPPs in corre-lates of the high-frequency BLP in a prior study ) led us to focus solely on the QPP-infraslow relationship. The present study fills those gaps and helps explain why QPPs were not observed in correlates of high-frequency BLP in Pan et al. (2013) . The observation that different ways of measuring dynamic rsfMRI may reflect different underlying processes is an important consideration for dynamic rsfMRI studies moving forward.
Correlation strengths and time shifts. Correlation between rsfMRI-derived SWC and high-frequency BLP-derived SWC had the highest mean Z values observed in this study, and these Z values were comparable between both of the anesthetic agents where significance was observed (compare Figs. 3 and  4, top right) . It only included positive correlations, indicating that increases in correlation in the rsfMRI signal correspond to increases in correlation in the electrical activity, as has been observed previously by our group (Thompson et al. 2013b) . The time shifts where this correlation was significant trended positive, indicating that, as with direct correlation of static signals, the changes in correlation seen in rsfMRI come after the equivalent changes in correlation seen in the high-frequency BLP (Magri et al. 2012; Pan et al. 2011; Shmuel and Leopold 2008) . However, compared with those studies, the range of significant positive correlation observed here was very broad. This was likely because the window used for correlation in the present study was much smaller (50 s vs. 300 s or longer), making estimation of the time lag difficult. This suggests that SWC, while useful for dynamic analysis, may not N ϭ 12 scans) . The top row is correlation between the SWC calculated from rsfMRI and SWC either calculated from the infraslow (lowfrequency) LFP directly (left) or the high-frequency BLP signal (right) . The bottom row is correlation between the strength of the QPP over time (generated from rsfMRI) and either the infraslow (low-frequency) LFP directly (left) or the high-frequency BLP signal (right). The y-axis on each plot is normalized Z value, corresponding to number of standard deviations from the null hypothesis of no correlation. The x-axis on each plot is the time shift between electrophysiology and rsfMRI-derived measures, with positive indicating that electrophysiology events precede rsfMRI events and negative indicating that rsfMRI events precede electrophysiology events. Significant Z values have a gray background. If no gray background is present, then nothing passed multiple comparison corrections [using sequential goodness of fit (SGoF)]. Error bars are 1 SE of the mean. Under a low dose of isoflurane, there is significant correlation between the change in QPP strength over time and the infraslow LFP signal, as well as a significant correlation between the change in QPP strength over time and the high-frequency BLP signal (note that, as only one point is significant, the line of correlation vs. time shift is only tangent to the significance zone at that point). Note that, for QPP, time shifts are arbitrary, and positive and negative correlations are expected (see Significance of QPP correlation vs. time shift in MATERIALS AND METHODS). Partial correlation results (with SWC acting as a controlling variable for QPP strength vs. electrophysiology correlations and QPP strength acting as a controlling variable for SWC vs. electrophysiology correlations) had no statistically significant differences and appeared identical when plotted.
be effective at estimating rsfMRI vs. electrophysiology time lags. The peak time shift was slightly greater under isoflurane (Table 1) , indicating that, also similar to results seen using static correlation, the electrophysiology-to-functional magnetic resonance imaging time lag under dexmedetomidine is lower than under isoflurane .
Correlation between QPP strength and infraslow LFP had lower mean Z values than SWC correlations, but was still statistically significant ( Figs. 2-4, bottom left) . The plot of correlation vs. time shift resembled an autocorrelation plot in the sense that there were both significant positive and negative correlations. This suggests that the QPP strength over time is periodic and correlates with an electrical signal that has the same period, as has been observed previously by our group (Thompson et al. 2013c) . Correlation between QPP strength and high-frequency BLP was only significant under isoflurane and had lower mean Z values than vs. infraslow LFP, but otherwise followed a similar pattern vs. time shift (Figs. 2 and  3, bottom right) . The particular time shifts of significance in these plots differ because, first, all QPP templates were aligned to the first rat, first run (per anesthesia) which was at an arbitrary phase , and, second, each anesthetic state was aligned separately, as anesthetic state will influence QPP templates (Magnuson et al. 2014b; Majeed et al. 2009 Majeed et al. , 2011 Thompson et al. 2013c ). However, the distance between peak time shifts was informative. As anesthetic depth increases, so does the difference between the largest significant positive peak and the closest significant negative peak to it (Table 2) . As these peaks likely approximate an autocorrelation plot (which we lack the SNR to fully resolve), the decreased distance indicates higher frequency, and thus as anesthetic depth increases the frequency of QPP decrease. This is an identical result to our previous result comparing only high-dose isoflurane to dexmedetomidine (Thompson et al. 2013c ) with the addition of low-dose isoflurane as a middle point between dexmedetomidine and high-dose isoflurane.
While not done here, future work could attempt to determine the "start point" of QPP templates in relation to neural activity. Similar patterns, referred to as "coactivation patterns" (CAPs), are produced by an algorithm which uses signal peaks . As it is possible that the CAP and QPP algorithms are returning some of the same patterns, a combination of these algorithms could hypothetically be used to find such a start point. Doing this would be beyond the scope of the present study.
Dynamic rsfMRI modulated by anesthetic agent. Anesthesia modulates the relationship between dynamic rsfMRI and electrophysiology, as under isoflurane QPPs become correlated with the high-frequency BLP. There are several possible explanations for this. First, high doses of isoflurane induce a burst state, which means that all neural activity alternates between a "low" state where there is little activity and a "high," activated state (see Appendix A of Thompson et al. 2013c) . In our previous work, we used the burst state to explain observing correlation between high and low neural frequencies as they related to rsfMRI in only a single case under isoflurane Fig. 3 . Same as Fig. 2 , but for signals recorded under a high dose of isoflurane (n ϭ 17 scans). There is a significant positive correlation relationship between SWC derived from rsfMRI and SWC derived from high-frequency BLP. There are also significant positive and negative correlations between the change in QPP strength over time and both the infraslow LFP and the high-frequency BLP. Note that, for QPP, time shifts are arbitrary, and positive and negative correlations are expected (see Significance of QPP correlation vs. time shift in MATERIALS AND METHODS). Partial correlation results had no statistically significant differences and appeared identical when plotted. (Thompson et al. 2014) . This is because during a low state most activity is suspended simultaneously and thus would correlate whether or not it would have correlated had there been no bursting. However, in the present study, our data includes low-dose isoflurane where bursting was not frequently observed. Therefore, the artificial correlations created due to bursting may not tell the entire story.
A second possible explanation is that isoflurane is a very different anesthetic from dexmedetomidine. Isoflurane is a powerful vasodilator and very strong anesthetic, whereas dexmedetomidine has more of a sedative effect and is a vasoconstrictor (see Appendix A of Thompson et al. 2013c) . Such changes in vascular tone alter the frequency of vasomotor waves which likely alters QPP power (Kiviniemi et al. 2005; Masamoto and Kanno 2012) . Hypothetically related to the vasodilation it causes, isoflurane has been shown to increase the correlations seen in rsfMRI in a dose-dependent manner (Liu et al. 2012) . As the rsfMRI signal is a surrogate measure that does not measure the underlying electrical potentials, large-scale vasodilation could periodically obscure and reveal all activity and thus create correlations between any two factors Fig. 4 . Same as Fig. 2 , but for signals recorded under dexmedetomidine (n ϭ 35 scans). There is significant correlation between SWC derived from rsfMRI and SWC derived from high-frequency BLP. There is also a significant correlation between the change in QPP strength over time and the infraslow LFP. However, the reverse pairings are not significant. Note that, for QPP, time shifts are arbitrary, and positive and negative correlations are expected (see Significance of QPP correlation vs. time shift in MATERIALS AND METHODS). Partial correlation results had no statistically significant differences and appeared identical when plotted. As dexmedetomidine is the lightest anesthetic and close to an awake state, this suggests that different types of dynamic rsfMRI may reflect different frequency bands in the underlying electrophysiology, but deeper anesthesia (Figs. 2 and 3) obscures this. Columns indicate the anesthetic state, frequency band for electrophysiology, start and end time shifts for significance, and the time shift where the peak Z value occurred. Rows are individual comparisons (i.e., plots in Figs. 2-4) ; only significant rows are shown. The range is very large for both significant cases, and biased toward positive time shifts, indicating that events in the electrical signal come before equivalent events in the resting state functional magnetic resonance imaging (rsfMRI) signal. The peak time shift under isoflurane is slightly greater, agreeing with previous studies of static rsfMRI and electrophysiology ). Columns indicate the anesthetic state, frequency band for electrophysiology, maximum significant positive peak, nearest significant negative peak to it, and the difference in time shifts between them. Rows are individual comparisons (i.e., plots in Figs. 2-4) ; only significant rows are shown. As anesthetic depth increases from dexmedetomidine to low-dose isoflurane to high-dose isoflurane, the difference in time shift between the peaks increases. This suggests that quasi-periodic pattern (QPP) rate decreases as anesthetic depth increases, agreeing with previous studies (Thompson et al. 2013c ), but adds low-dose isoflurane as a middle point between high-dose isoflurane and dexmedetomidine. N/A, not applicable. that might be measured. This is especially likely to obscure results on the infraslow time scale (Mayhew et al. 1996) .
A less likely possibility is that QPPs are indeed correlated with high-frequency activity under dexmedetomidine, but that our study was not able to detect the link. This could be due to insufficient statistical power (which is unlikely, as the most scans were from dexmedetomidine, 35 scans after exclusion) or because the wrong frequency band was used for either QPP or LFP [also unlikely, as the frequency bands used here were chosen empirically based on our group's previous work (Thompson et al. 2013c) ].
Additionally, correlation was not seen between SWC and high-frequency electrical activity under a low dose of isoflurane, unlike the other two anesthetic conditions. This is unusual, as the low dose of isoflurane otherwise appears as intermediate between the strongly anesthetized high-dose isoflurane and the lightly anesthetized dexmedetomidine. This may potentially be due to lack of statistical power, as the fewest scans were performed under the low dose of isoflurane (only 12 scans after exclusion).
Limitations. While partial correlation was used in this study to control for the effects of one type of dynamic rsfMRI upon the other, it was not a direct comparison as SWC was used to control against QPP's relationship with the electrical signal directly, and QPP strength directly was used to control against the rsfMRI signal's SWC vs. the electrical signal's SWC. This limits us to being able to claim that the SWC signal does not affect the relationship between QPP and original (not SWC) electrical signals, and the QPP does not affect the relationship between SWC generated from electrical signals and SWC generated from BOLD. While our results indicate no direct effect between SWC and QPP, it is probable that there is a more sophisticated relationship between the two, at least because QPP tend to be bilateral (Majeed et al. 2009 ), and here we calculated SWC from bilateral brain regions. In a study by Ko et al. (2011) , electrocorticography from humans undergoing surgery for epilepsy showed quasi-periodic fluctuations at infraslow frequencies (ϳ0.017 Hz) in BLP calculated from high-frequency gamma (70 -120 Hz) in the default mode network. The results of Ko et al. indicate that a link between the QPP and SWC observed here may be possible. Thus, further work is needed to better separate SWC and QPP and determine which parts of the rsfMRI signal come from one or both of them.
The use of anesthesia in this study was a necessary limitation due to the combination of rsfMRI and LFP, along with fragile electrodes which needed to be implanted acutely. However, SWC has been often observed in awake humans (Allen et al. 2014; Chang and Glover 2010; Hutchison et al. 2013; Sakoglu et al. 2010; Thompson et al. 2013a ) and has been correlated with BLP in the alpha-, beta-and gamma-bands from EEG (Chang et al. 2013; Tagliazucchi et al. 2012 ). QPPs have also been observed in awake humans , and similar patterns including CAPs have been observed in awake humans and awake rats (Liang et al. 2015) . In particular, the patterns seen in the study by Liang et al. are very similar to those found here. Preliminary research indicates that a low-frequency electrical basis of QPPs may be observable in humans as well (Korhonen et al. 2014 ). The ubiquity of QPPs, CAPs and SWC in awake and anesthetized humans and rodents suggests the broader applicability of these results.
It is important to note that the results presented here are by no means exhaustive. Methods of generating dynamic activity, such as using wavelets (Chang and Glover 2010) , partial least squares (Grigg and Grady 2010) and event-based (Magri et al. 2012) or amplitude-based [including CAPs Petridou et al. 2013) ] averaging methods were not used here and may have different neural correlates. QPP themselves also can be compared with neural activity in many ways other than strength over time; some of these include examining template properties (Magnuson et al. 2014a; Thompson et al. 2013c ), occurrence vs. nonoccurrence (Magnuson et al. 2014b) and phase or power envelope strength rather than raw strength values. Also, to limit our scope, only frequency bands that had shown positive results in our previous studies were used for LFP analysis. For a discussion of how these bands were generated and how per-anesthesia differences may have affected results, see the original papers (Thompson et al. 2013b (Thompson et al. , 2013c . With a larger dataset, measurement of more physiological factors to reduce noise, and EEG data from human subjects, a much more comprehensive analysis could be performed in the future. Furthermore, interventions can be performed to begin to determine the causal relationships governing neural activity, neurophysiology and dynamic rsfMRI patterns. For example, the intrahemispheric patterns of the QPPs are preserved after the corpus callosum is severed, but the interhemispheric coordination of these patterns is lost (Magnuson et al. 2014a) .
Dynamic rsfMRI, behavior and disease. As rsfMRI has been shown to be altered in many neuropsychological diseases (van den Heuvel and Hulshoff Pol 2010), it is possible that the link between dynamic rsfMRI and the underlying electrical potentials could be exploited to better diagnose and treat diseases. While this is currently very speculative, some evidence indicates that this link may be possible. For example, EEG at gamma frequencies is altered in schizophrenia (Cho et al. 2006) , gamma frequencies correlate with SWC in invasive recordings in rats (Thompson et al. 2013b ) and SWC is more diagnostic of schizophrenia than correlation calculated using entire rsfMRI runs (Sakoglu et al. 2010) . Conversely, infraslow EEG potentials have been linked to attention deficit disorder (Helps et al. 2008 (Helps et al. , 2010 , QPPs in humans linked to the default mode network ) and default mode network regions linked to attention deficit disorder as well (Tian et al. 2006 ).
If it is the case that certain types of dynamic rsfMRI are more diagnostic to certain diseases than others, then it would be advantageous to minimize the contribution from the nondiagnostic dynamic patterns. QPPs can be removed from a signal using regression, and leaving the rest of the functional connectivity intact (Majeed 2010) . The algorithm which generates QPP templates removes much of the local SWC through repeated averaging , and other possibilities exist to focus on local rsfMRI. For example, separate maps of long-range connections and short-range connections can be generated (Tomasi and Volkow 2010) , and these could be hypothetically used to bias data toward long-or short-range dynamics.
Conclusion. There are many different ways to measure dynamic spatial and temporal changes in rsfMRI, and this study shows that at least two of them relate to different frequency bands of the electrical signal. The relationship is altered by anesthesia, but some correlations are preserved across the very different anesthetic states that were examined. While our data are limited by being recorded under anesthesia, the observation of similar dynamics in awake rats and humans (Chang and Glover 2010; Liang et al. 2015; Majeed et al. 2011) suggest these results may have broader application. Understanding which type of dynamic pattern present in rsfMRI relates to a given type of underlying neural activity could have broad application in the diagnosis and treatment of disease. Researchers could potentially remove unwanted contributions to focus their analysis on the dynamics that most relate to the disease or dysfunction of interest.
